The extent and type of renal ultrastructural changes in Beagle dogs varied with the administration of ochratoxin A and citrinin alone and in the two dosage combinations. The three predominant changes were cytoplasmic vacuolation, myelin figure formation and lesions designated as cytoplasmic disarray. These changes were mainly of the endomembrane system of the tubular epithelial cells. Cytoplasmic vacuoles were within proximal and distal tubules and collecting ducts and were most numerous in dogs given 10 mg/kg citrinin. Vacuolation of similar distribution, but less severe, was seen in renal tubular cells of dogs given the higher dose of the combined mycotoxins (0.2 mg/kg ochratoxin A
+ 10 mg/kg citrinin). This damage was limited to the proximal tubular cells in dogs given only ochratoxin A (0.1 or 0.2 mg/kg). Myelin figures were in proximal epithelial cells of dogs given ochratoxin A alone or combined with citrinin. There was cytoplasmic disarray in dogs of all groups except for dogs given 5 mg/kg citrinin. This lesion was usually limited to the proximal tubules. The lesion, however, was found in cells of the distal tubules of dogs given 10 mg/kg citrinin alone.
The clinical, clinicopathological and histological features of ochratoxin A and citrinin induced toxicosis in Beagle dogs have been described [3, 4] . Dogs were very susceptible to both toxins which when combined had a synergistic effect; the mortality rate was higher than when either toxin was given alone. The renal ultrastructural changes produced in dogs by ochratoxin A have been reported [14] , but studies of renal ultrastructural changes produced by citrinin or the combined toxins have not been described in the dog or any other species. We report here the ultrastructural changes in the kidneys of dogs given citrinin, ochratoxin A and the two mycotoxins combined.
Materials and Methods
Thirty-five lO-'Neek-old male Beagle dogs were purchased for the six trials of this study (Marshall Research Animals, Inc., North Rose, N.Y.). Twenty-four were given mycotoxin and 11 were undosed controls. The dogs were housed in metabolism cages, and twice daily were examined and fed semi-moist commercial dog food. The treated dogs were given daily either oral doses of commercial crystalline ochratoxin A or intraperitoneal injections of citrinin dissolved in ethanol or both as described [3] .
All dogs were necropsied when found moribund or at the end of the 14-day test period and tissues were collected from both kidneys of each dog for electron microscopy. Immediately after the dogs were killed cubes of tissue were taken from the cortex, corticomedullary region and medulla of each kidney and immersed in chilled buffered 4% glutaraldehyde. They were minced with razor blades and refrigerated in 4% glutaraldehyde for 4-12 h. Cubes of renal tissue about 1 mrn" were washed in phosphate buffer and stored at 4°C in a sucrose solution for a maximum of 1 month. The tissues were then transferred to Millonig's phosphate-buffered 1% osmium tetroxide for 1 h [7) . They were dehydrated in a graded series of acetone, infiltrated by a series of acetone-Epon 812 (Ernest F. Fullam, Schenectady, N.Y.), for 12 h, and then embedded in Epon 812.
Semi-thick sections were cut with glass knives. After areas of interest were identified, thin sections having light gold to gray interference colors (500-1000 A) were picked up on clean uncoated 150-200 mesh copper grids, stained with uranyl acetate [17) and lead citrate [11) , and examined.
Results

Control Dogs
The lumina of proximal tubules were closed by apical protrusions of the epithelial cells in most control dogs. Occasionally a tubular lumen had desquamated epithelial cells and cellular debris. The nucleus was in the basilar part of the cell and complex basilar infoldings of the plasma membrane extended far into the cytoplasm ( fig. 1 ). The mitochondria were long and slender, contained a dense matrix and were parallel to and between the basilar infoldings. Lysosomes varied from dense irregular-shaped bodies to spherical bodies with recognizable organelles and were most commonly in the apical part of the epithelial cells. The microvilli were numerous on the luminal surface of the proximal tubular epithelial cells. Immediately beneath the microvilli and arranged in somewhat randomly fashion were numerous apical tubules ( fig. 1 ). There were a few apical vacuoles between the nucleus and the microvilli. The apical vacuoles occasionally contained proteinaceous material, but usually were empty. Other smaller vacuoles seemed membrane bound and were above the nucleus in the apical part of the epithelial cells. The basal lamina was uniform in thickness and density with little interstitial space between adjacent tubules ( fig. 1 ).
The lumina of distal tubules were closed by protrusions of the apical part of the cells (fig. 2 ). The nucleus of the distal tubular epithelial cells was located either in the central or apical part of the cell. Complex basilar infoldings of the plasma membrane were numerous and more distinct than in proximal cells. Mitochondria were similar to those seen in proximal tubular cells. Lysosomes were few and always located in the apical part of the cell above the nucleus (fig. 2 ). The distal tubular epithelial cells lacked a prominent regular microvillar border, but occasionally did have short microvilli. Small vacuoles and profiles of endoplasmic reticulum were in the apical portion of the cell above the nucleus, but Golgi complexes were few. The basal lamina was similar to that of the proximal tubules.
Proximal Tubular Epithelial Cell Changes Citrinin Toxicosis
No renal ultrastructural changes were seen in the proximal tubular epithelial cells of dogs given 5 mg/kg citrinin. There were changes in proximal tubules, primarily within the endomembrane system, of dogs given 10 mg/kg citrinin. Cytoplasmic disarray of the proximal epithelial cells was characterized by lack of orderly arrangement of organelles, especially membranes of the endoplasmic reticulum ( fig. 3 ). A few small myelin figures were scattered throughout the cytoplasm. Numerous small dense Iysosomes and larger Iysosomes were seen. Both large and small vacuoles were usually empty and irregular in shape and were interpreted as dilations of the cisternae of the endoplasmic reticulum. Mitochondria in areas of cytoplasmic disarray often were enlarged, had a less dense matrix and contained fragmented cristae ( fig. 3 ).
Ochratoxicosis
The ultrastructural changes of proximal epithelial cells of dogs given 0.1 or 0.2 mg/kg ochratoxin A were similar. Myelin figures in the affected proximal epithelial cells appeared as concentric laminar configurations of dense membrane material varying in size and tightness of laminations ( fig. 4 ). Vacuoles of various sizes were in the cytoplasm of proximal cells, especially in the tubular cells of dogs given 0.2 rug/kg ochratoxin A. Reduction in height of the proximal epithelial cells was evident in severely affected tubules and was most prominent in cells of tubules containing desquamated epithelial cells.
Cytoplasmic disarray was identical to that seen in the renal tubules of dogs given citrinin, but was limited to the proximal tubular epithelial cells.
Combined Mycotoxicosis
In dogs given 0.2 rng/kg ochratoxin A and 10 mg/kg citrinin, the main ultrastructural change was cytoplasmic disarray ( fig. 5 ). Mitochondria were not arranged in an orderly fashion in the basilar part of the cell between infoldings of the plasma membrane but were randomly scattered within the cell. Pieces of fragmented membranes were seen throughout the cell. There were large and small vacuoles in these cells; most were empty, but some had dense floccular material.
The ultrastructural changes were different in dogs given 0.1 mg/kg ochratoxin A and 5 mg/kg citrinin. There were numerous myelin figures similar to those seen in renal cells of dogs given ochratoxin A in the proximal epithelial cells ( fig. 6 ). Membrane profiles usually were seen as myelin figures, but were occasionally seen as stacks of membranes thought to be smooth endoplasmic reticulum. Large and small vacuoles were in most affected cells. Occasionally larger vacuoles contained smaller ones. Cytoplasmic disarray was not as common or as severe in the dogs given the lower combined dose of mycotoxins.
Distal Tubular Epithelial Cell Changes Citrinin Toxicosis
Renal ultrastructural changes were limited to dogs given 10 mg/kg citrinin. The most common change was numerous large lipid-filled vacuoles in the distal tubular epithelial cells ( fig. 7) . These vacuoles were found throughout the affected cells, but were most common about the nucleus. In a few cells the vacuoles were small, empty and below the nucleus. Occasionally mitochondria were swollen in distal tubular cells and had clear matrix and distorted cristae. Three other changes occasionally seen were mild to moderate cytoplasmic disarray, mitotic figures (a common finding in sections studied with light microscopy, but seldom found with electron microscopy) and floccular material within dilated basilar membranes. 
Ochratoxicosis
Ultrastructural alterations were not seen in the distal tubular epithelial cells of dogs given ochratoxin A. 
Combined Mycotoxicosis
The two most common ultrastructural changes seen in distal tubular epithelial cells of dogs given 0.2 mg/kg ochratoxin A and 10 mg/kg citrinin were vacuolation and cytoplasmic disarray ( fig. 8 ). Large vacuoles, some containing lipid, were near the nucleus. These vacuoles were membrane bound. OccasionalIy, the distal epithelial celIs contained swolIen and distorted mitochondria, which were most common in areas of cytoplasmic disarray.
Changes of distal tubular epithelium of dogs given the lower dose of combined mycotoxins were limited to cytoplasmic vacuolation and accumulation of lipid.
Numerous smalI to medium size cytoplasmic vacuoles were in the colIecting ducts of dogs given 10 mg/kg citrinin alone or with 0.2 mg/kg ochratoxin A ( fig. 9 ). Similar, but less severe changes were in the colIecting ducts of dogs given the low combined doses of mycotoxins.
Discussion
The severity and type of renal ultrastructural changes in our dogs varied with the mycotoxin and the dose. In general, three basic changes were seen: cytoplasmic vacuolation, myelin figures and cytoplasmic disarray. These changes involved primarily the endomembrane system of the renal tubular epithelial cells. Our studies confirm previously described changes in the renal tubular celIs of dogs given 0.3 mg/kg ochratoxin A [14] . Renal ultrastructural changes of citrinin toxicosis have not been reported. None were seen in dogs given 5 mg/kg, but changes occurred when 10 mg/kg was given. The changes of citrinin toxicosis differed from those of ochratoxicosis A in two ways. First, the lesions were most common in the distal tubules and only mild changes were in the proximal epithelial cells. Second, the changes were those of cytoplasmic vacuolation and cytoplasmic disarray; myelin figures were less prominent in dogs given ochratoxin A. Our findings differ from reports on the nephrotoxicity of gentamicin in which myelin figures were most commonly found in the proximal tubules [5] . Areas of cytoplasmic disarray were primarily within the proximal tubular epithelial cells of dogs given either 10 rug/kg citrinin alone or citrinin in combination with ochratoxin A. Although this was not readily seen with the light microscope, it was considered a severe morphologic change which could result in marked renal dysfunction.
The renal lesions produced by the lower combined doses were similar but less severe than those caused by the higher dosage regimen. The ultrastructural changes were those found when each toxin was given alone, although citrinin-induced lesions predominated. Cytoplasmic vacuolation was an ultrastructural feature of ochratoxicosis, citrinin toxicosis and toxicosis produced by the combined toxins, but was most severe in dogs given 10 rng/kg citrinin. Cytoplasmic vacuolation is not a specific lesion of these mycotoxicoses since it was seen in renal tubular epithelial cells after sodium chromate [2] , uranium [12] and lead [13] had been given and during potassium depletion [10] .
Cytoplasmic vacuolation was particularly striking in rats with potassium deficiency [10] and involved collecting ducts and proximal tubules. No changes were described in the distal tubular cells or the cells of the loope of Henle. This distribution of ultrastructural changes differs from our findings in that we found lesions in the distal tubules. Researchers have suggested that vacuolar changes characteristic of kaliopenic nephropathy were related to altered function of the "sodium pump" which is presumably in the basilar cell membranes and is sensitive to such factors as potassium availability and aldosterone [1, 6] . Our dogs receiving the combined toxins had both hypokalemia and intracellular vacuolation. Electrolyte imbalance probably contributed to the development of the ultrastructural changes.
Myelin figures within renal tubular cells were features of ochratoxicosis A when it was given alone or in combination with citrinin. These findings are in agreement with the reports of ochratoxicosis in dogs [14] and rats [9, 15] . The myelin figures were concentric laminated profiles of damaged membrane material which was most likely smooth endoplasmic reticulum. Myelin figures are a nonspecific response to toxic damage to the endomembrane system; similar ultrastructural changes occurred in hepatocytes of rats after ochratoxin A was given [15] . Some researchers indicate that after inhibition of sodium extrusion at the plasmalemma of the basilar invaginations caused by toxic or ischemic damage there are characteristic events that are accompanied by differential expansion of intracellular compartments and by the formation of membranous whorls or myelin figures [16] .
Cytoplasmic disarray was the most severe renal ultrastructural change seen and was in dogs given ochratoxin A, 10 mg/kg citrinin or the combined mycotoxins. Thus, it was not a specific response to either mycotoxin. The proximal tubular epithelial cells were most severely affected, although similar but less severe changes were seen occasionally in distal tubular cells of dogs given 10 rug/kg citrinin.
Mitochondrial changes were seen in dogs given either 10 mg/kg citrinin alone or in combination with ochratoxin A. It was considered that the mitochondrial swelling, seen only in severely affected cells, was secondary to other cellular changes and was not a direct response to the toxins. Free radical formation and reduced coupled respiration caused by ochratoxin A may have "sensitized" renal tubular cells to the yet undetermined toxic mechanism of citrinin [4, 8] . Although this seems a reasonable speculation, ultrastructural morphologic evidence for such a mechanism was not demonstrated in our dogs. The findings of others [14] do not support such a hypothesis as ochratoxin A did not specifically change mitochondria. Altered function, however, is not always accompanied by altered ultrastructure.
The location of damage within the nephron varied. Damage by ochratoxin A occurred only in the proximal tubules, whereas in dogs given citrinin at 10 mg/kg, it was primarily confined to the distal tubules. When doses of ochratoxin A and citrinin were combined, changes were seen in cells of proximal and distal tubules and collecting ducts. Researchers have speculated that because ochratoxin A and serum albumin can interact, ochratoxin A may be transported into the cell as part of the glomerular infiltrate. Because of the selective absorption at this site it may cause damage to the proximal parts of the nephron [14] .
Little is known about the transport, excretion or metabolism of citrinin. It was suggested earlier that cytoplasmic disarray was a more severe ultrastructural change than cytoplasmic vacuolation. If this were true, then the primary and most significant lesion of citrinin toxicosis was in the proximal tubules, although the most obvious lesion was vacuolation of the distal tubules. This combination of ultrastructural changes imposed upon proximal tubules by the combined toxins along with the less severe, but more obvious, vacuolation in the distal tubules may help explain the synergistic effect of the mycotoxins.
